ABSTRACT In order to overcome the problem that the traditional linear energy harvesting (EH) model is not practical, this paper presents a practical nonlinear EH model, which considers the sensitivity and saturation characteristics of the circuit. Furthermore, for purpose of solving the problem of spectrum requirement and energy consumption of wireless relays, the proposed model in this paper is used for studying the fullduplex (FD) decode-and-forward relay system. The expression of the outage probability of the system is deduced and the outage throughput of the system is calculated. According to different system quality of service (QoS) requirements, this paper further discusses the optimal scheme of non-linear EH based on outage performance and gives the closed expression of the optimal solution to minimize the outage probability of the FD system. And the optimal solution to maximize the outage throughput of the system is obtained based on the golden section method. The simulation results verify the correctness of the theoretical work, and the simulation results also show that the performance of the FD system under the proposed model is quite different from that of the traditional linear model. Full-duplex (FD), energy harvesting (EH), non-linear model, outage performance, quality of service (QoS).
I. INTRODUCTION
The exponential increase of wireless equipment and the demand of wireless network service lead to the scarcity of wireless radio spectrum and the consumption of energy. Full-duplex (FD) can send and receive signals simultaneously in the same frequency, which improves the spectrum utilization of resources compared with the conventional halfduplex (HD) [1] , [2] . In addition, because the battery capacity of wireless equipment (e.g. smart terminal and transducer) is finite, the life of the wireless communication system is restricted in some degree. There are many factors having an impact on the conventional renewable energy sources, such as solar energy and wind energy, so it's hard to achieve reliable communication. Harvesting energy from the radio frequency (RF) signals can eliminate the limitation above, which is an effective method to reduce the consumption of energy in wireless equipment [3] , [4] . At present, SWIPT technology has a very wide range of application in wireless networks. Not only SWIPT technology can be applied to mobile networks, but also wireless body area networks [5] .
In wireless relay system, FD and energy-harvesting technology are combined to solve the problem of spectrum and energy consumption that relay needs, and this area has received great attention [6] - [16] . Based on time switching (TS) receiver structure, [6] has studied the throughput of FD relay system under three different transmission modes and compared the advantages and disadvantages of them. In [7] , a scheme of recovering self-interference signal based on FD amplify-and-forward relay system is proposed and the scheme can improve system throughput. Reference [8] extends the work of [6] to FD multi-antenna relay system. In order to maximize the throughput performance of the system, a zero forcing (ZF) scheme based on receiver and transmitter and maximum ratio combining (MRC) scheme are proposed, and the performance of each scheme in two different transmission modes was analyzed. In [9] , under the condition that channel state information (CSI) is perfectly known, the optimal transmit beam vector was derived by difference of convex programming (DC) algorithm to maximize the system sum rate in a multi-antenna point-to-point FD relay system. Reference [10] proposes a robust pre-coding scheme based on FD EH relay system, which is solved by least mean square error criterion and semi-definite programming. In [11] , a joint beamforming scheme with a lower bit error rate is designed based on the minimum mean square error criterion in FD relay systems. Reference [12] proposes a throughput-maximized beamforming scheme based on FD relay system in which both the source and the relay of the system perform energy harvesting. In [13] , the outage probability of FD DF relay system is studied. The closed-form expressions of the outage probability and the optimal solutions of power splitting (PS) factor are derived under different models and scenarios. Based on PS scheme, [14] discusses the problem of relay selection in FD two-way communication system. Reference [15] studies the outage probability and average throughput of FD amplify-and-forward (AF) relay system, and gives the integral expression of the outage probability. The optimal TS factor that maximizes the system average throughput is deduced under the constraint of QoS. Reference [16] analyzes the outage performance of four different energy harvesting schemes based on two-way communication FD relay system.
The above studies on EH in FD relay systems are all based on the traditional linear EH model that assumes the input power and output power of the energy harvester are linearly related. However, the components of the circuit for EH in a real system are non-linear, and the traditional linear EH model is obviously impractical. As a result, researchers in the field of communications start to study the non-linear EH models based on RF signals [17] - [26] .
The paper [17] proposes a non-linear energy harvesting model considering the saturation of the circuit and analyzed the outage probability of the FD AF relay system. Based on the nonlinear energy harvesting model in [17] and [18] deduces the expression of the secret outage probability in HD multi-relay system. Based on the model in [17] and [19] deduces the outage probability in HD system under the imperfect channel. [20] proposes a non-linear EH model based on exponential function and designs the resource allocation scheme of HD system. Based on the practical model proposed in [20] - [22] study the power allocation scheme and the optimization scheme of the security rate in the HD EH system respectively. What's more, the model of [20] is applied to many different systems and networks [23] , such as wireless powered communication networks [24] , and cognitive networks [25] , [26] .
Although the above papers have considered the non-linear characteristics of EH circuits, their researches are based on HD systems and the results are not applicable to FD systems. Moreover, the models in both [17] and [20] only consider the saturation characteristics of the circuit but not the sensitive characteristics, so it is also lack of practicality.
Based on the above analysis, this paper discusses the nonlinear energy harvesting model based on outage performance and QoS optimization in FD system.
The main contributions of this paper include: 1) We propse a practical non-linear EH model, which takes into account the sensitivity and saturation characteristics of the EH circuit. 2) In order to solve the problem of spectrum and energy consumption required by wireless relay, the model is used to study the FD DF relay system, and the expression of the outage probability and outage throughput are derived. 3) In order to optimize the system performance, the optimal nonlinear EH scheme based on outage performance is discussed. The optimal solution of TS factor that minimizes the outage probability of the FD system is given with the different QoS requirements, and the optimal solution of TS factor that maximizes the outage throughput is derived by golden section method. 4) The simulation results verify the correctness of the theoretical derivation results, and verify the performance difference between FD and HD systems. The simulation results also show that the system performance under the non-linear energy harvesting model is quite different from that under the traditional linear model, which has the important reference value for actual system design.
The rest of this paper is organized as follow: Section II describes the system model and the non-linear energyharvesting model. Section III presents the analytical results of the system outage performance. Section IV shows the solutions of the QoS optimization problems. Section V presents the simulation results and Section VI summarizes the contributions of this study.
II. SYSTEM MODEL AND EH MODEL
We consider a two-hop FD relay system, as shown in Fig. 1 . Source node S transmits data to destination node D through relay node R, and relay R operates on full-duplex mode. We assume that the direct link between S and D is not existed. The energy supply of R is limited, so R needs to harvest energy from S. The receiver structure of R is based on TS protocol, so the communicating process of the whole system can be divided into two phase, the energy transfer phase and the information transfer phase. We assume that the transmission time from S to D is T, so the time duration αT can be used for energy harvesting at R node, and the rest time duration (1 − α) T can be used for information transfer, where α (0 < α < 1) is the TS factor and it denotes the portion of energy harvesting time in the whole transmission time.
We assume that d 1 (d 2 ) denotes the distance from S to R (R to D), h 1 (h 2 ) denotes the channel coefficients of the channel from S to R (R to D), and h r denotes the selfinterference channel coefficients. Accordingly, we assume that all channels are quasi-static non-frequency selective fading, so the probability density function (PDF) and cumulative distribution function (CDF) of |h i | 2 (i ∈ {1, 2, r}) can be 
derived as
where λ i denotes the mean value of |h i | 2 . During the energy transfer phase, the signal received at R can be expressed as
where m denotes the path loss exponent, P s represents the transmission power at the source node, x s is the normalized transmission signal, with E |x s | 2 = 1, and n r is the additive white Gaussian noise (AWGN) at R, CN ∼ 0, σ 2 r . During the energy harvesting phase, R operates on FD mode, the signal received at R can be expressed as
where P r represents the transmission power at R, h r √ P r x r (t) is the self-interference signal, x r is the transmission signal of R, x r (t) = x s (t − τ ) and τ denotes signal processing delay.
The signal received at D can be expressed as
where n d is the AWGN at source node, CN ∼ 0, σ 2 r .
A. THE TRADITIONAL EH MODEL
Because R stores the energy harvested in the first phase and uses it at information transfer phase, so the value of P r depends on how much energy R harvests at the first phase. With the traditional linear energy harvesting model, shown in Fig. 2 , there is a linear relationship between the output power P r and the input power P input , so P r can be expressed as:
where a = 
B. THE PROPOSED NON-LINEAR ENERGY HARVESTING MODEL
However, linear EH model is not practical in reality. The practical EH circuit has the characteristics of sensitivity and saturation. So, the study of EH systems based on the traditional is lack of practicability.
For analyzing, we simplify the practical complex nonlinear EH circuit performance to the non-linear EH model, as shown in Fig. 2 , that is the segmented linear model. Only when the input power P input (namely the average power of the harvested signal at R) reaches sensitivity value P min , the circuit will work well. But when reaches saturation value P max , the output power of R P r will be constant. With non-linear model, there is the equation
, so the transmission power of R P r can be expressed as:
III. OUTAGE PERFORMANCE OF FD RELAYING SYSTEM
In full-duplex relaying system, the information communication from S to R and R to D goes on simultaneously, the throughput R 1 of the relay R and the throughput R 2 of the destination node D can be expressed respectively as
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where γ 1 and γ 1 denotes the SINR at R and SNR at D respectively. In FD mode, the self-interference is much bigger than the antenna noise, so we consider the situation that the self-interference is dominant, which means when the self-interference and the antenna noise exist simultaneously, the antenna noise can be ignored. So according to (4) , (5) and (7), the SINR at R and SNR at D can be expressed respectively as
The throughput from the source node S to the destination node D can be expressed as
The outage will happen when the throughput R s is smaller than the target rate R th . More generally, in the two-hop communication, as long as the throughput of any one hop is smaller than the target rate, outage will happen. Since the throughput is related to the SNR, when the SINR at R or the SNR at D is smaller than the target SNR γ th , outage will happen, so the outage probability of the system can be defined as
where γ th = 2 R th − 1 denotes the target SNR with the target rate.
From (10) and (11), we can derive
where
Putting (10) and (11) into (15), we can derive
where A = 1 aγ th
Then, putting (1) and (2) into (17), we can derive
In the same way, we can derive the expression equation of I 2 as
Further, equation (19) can be transformed as
Here, we have derived the outage probability in full-duplex DF relaying system. The system transfer information at target rate R th , and the effective communicate time duration is (1 − α) T , so the outage throughput of the whole system is
IV. QOS OPTIMIZATION WITH NON-LINEAR ENERGY HARVESTING MODEL
From the above analysis, we have derived the outage performance of the system with non-linear energy harvesting model, including the outage probability and the outage throughput. Here, we study the QoS optimization schemes based on outage performance. The scheme of outage probability minimization can ensure the reliability of systems, and the scheme of outage throughput maximization can offer larger system throughput, so different QoS requirements can be meet.
A. OUTAGE PROBABILITY MINIMIZATION
From equation (13) to (20), we notice that the outage probability is related to TS factor α. Hence, in order to maximize the outage probability, we need to find the optimal solution of α, which can be expressed as
where α * pout denotes the optimal solution of α for minimizing the system outage probability.
In DF relaying systems, the end-to-end SNR is γ = min (γ 1 , γ 2 ). According to equation (10) and (11), γ can be expressed as
We define that P out = 1 − P out , P out = P (γ > γ th ). Noticed that there is a positive correlation between P out and γ , P out reaches the maximum value when reaches the maximum value. Hence, the problem (22) can be transformed as
Since γ 1 is monotonic decreasing and γ 2 is monotone increasing with α ∈ (0, 1), the end-to-end SNR γ reaches the maximum value when γ 1 = γ 2 . Hence, we can get
where a (a > 0) is the unknown variable. To solve the equation (25), we get
Considering the statistical properties of channel coefficients, we can derive the expectation of a as
. According to [27, eq.3 .361], the equation (27) can be transformed as
where (x) is the error function [27, eq.8.250.1].
Since a = ηα 1−α , we can get the optimal value of α as
B. OUTAGE THROUGHPUT MAXIMIZATION
According to the equation (21), the outage throughput is related to the TS factor α. For maximizing the system throughput and getting the optimal value of α, we propose the optimization problem as
where α * rout denotes the optimal solution of for maximizing the system througput.
Due to the function R (α) contains P out and the expression of P out is complicated, it is difficult to derive directly the closed-form expression of the optimal value of α.
However, according to (21), we know that R th is a fixed value and there is a positive correlation between P out and γ . Besides, f (α) = (1 − α) is an affine function with α ∈ (0, 1). Hence, R (α) = P out f (α) R th is convex with α ∈ (0, 1), which means that the solution of problem (30) is unique and can be solved by linear search algorithm like golden section method. So, we solve the optimization problem by golden section method, and the specific progress is shown in Algorithm 1.
V. SIMULATION ANALYSIS
In this section, we describe the numerical simulations for performance evaluation and discuss the simulation results.
A. SIMULATION SETUP
In this section, we use Mote Carlo method to verify and the proposed expression of outage probability and outage throughput, in addition, we analyze the effect on outage throughput with different system parameters and compare the outage performance on different TS schemes. We set that Mote Carlo experimental frequency is 10 7 times, path loss exponent is m = 3, d 1 and d 2 are normalization utilization distance, R th = 2 bps/Hz, energy conversion efficiency is η = 0.7, transmission power of S is P s = 1, the sensitivity and saturation value of the EH circuit are P min = 0.05 VOLUME 6, 2018 Algorithm 1 Optimization Algorithm Based on Golden Section Ensure: the optimal solution α * rout , the maximum outage throughput R(α * rout ); 1: ε ← (
if R(α 0 ) ≥ R(ᾱ 0 ) then 6: if |ᾱ i − a i | ≤ ξ then 7: α * rout = α i 8:
else 10:
Compute R (α i+1 ) 
Compute R (ᾱ i+1 ) and P max = 0.85, and noise variance is
= 0.01. Moreover, we set that λ 1 = 1, λ 2 = 1 and λ r = 1. For convenient, we define that SNR = P s /σ 2 . Next, we firstly verify the theoretical deduction, and then we analyze the performance with linear and non-linear energy harvesting model, the effect on outage performance with different system parameters, the outage performance with different TS schemes. Fig. 3 and Fig. 4 show the curses of outage probability and outage throughput in FD system with different SNR. We can observe that when self-interference dominates, theoretical curves and simulation curves are coincident, which proves the correctness of theoretical deduction. Moreover, we plot the performance curves taking relay noise into consideration. We can see that when the SNR is low, there is a difference between the scenario that self-interference dominates and the scenario that considering relay noise, the reason is that the noise to self-interference can not be ignored when SNR is low. However, when the SNR is high, specifically, when P s /σ 2 ≥ 20 dB, the curves are coincident. In addition, in FD system, the outage probability first decreases and then increases with the increasing of α, outage throughput first increases and then decreases with the increasing of α, this is because in FD system, with the α increases, the energy harvested at relay R increases, and transmission power increases too, outage probability decreases to the minimum, meanwhile outage throughput increases to the maximum, but when α keeps increasing, because of the self-interference, the larger the transmission power at R, the bigger the effect caused by self-interference, so the outage probability increases, and when α keeps increasing, which leads to the time decrease of information transmission, the outage throughput decreases.
B. THEORETICAL RESULT VERIFICATION
Meanwhile, Fig. 3 and Fig. 4 show the α * pout as the optimal α which makes the smallest outage probability and the α * rout as the optimal α which makes the largest outage throughput. From Fig. 3 , in condition of different SNR, based on the optimal α derived by theoretical computation and the optimal α derived by ergodic search are equal, which verifies the correction of our theoretical analysis. In addition, from Fig. 4 , the optimal α based on our proposed scheme and ergodic search are equal, which indicates the effectiveness of our scheme. In order to maximize the outage throughput, we derive the optimal α based on the gold-section iteration, the computation times are less than ergodic search, which makes it more convenient than ergodic search. Fig. 5 and Fig. 6 show the curves of outage probability and outage throughput versus α with different EH model. From  Fig. 6 , we can see that, the optimal outage throughput in non-linear model is smaller than that in linear model, this is because of the limit of no-linear characteristic in practical circuit. And the optimal α in non-linear model is different from that in linear model, so the α derived in linear model is not practical, we consider the sensitivity and saturation value of circuit and derive a more practical α. Moreover, in HD system, outage capacity in non-linear model is smaller than that in linear model in condition of arbitrary α, which is because in non-linear model, the transmission power at R is limited, outage probability in non-linear model is larger than that in linear model. However, in FD system, with the increasing of α, the outage throughput in non-linear model is smaller than that in linear model. But when α reaches to a certain point, outage throughput in non-linear model is larger than that in linear model, which is caused by the self-interference in FD system. No matter what α is, the transmission power at R in linear model is larger than that in non-linear model. When α is small, when the transmission power at R is small, the effect caused by self-interference is small, so is the outage probability in linear model. When α is large, the transmission power at R is large, the effect caused by self-interference is big, leading that the outage probability in linear model is larger than that in non-linear model. In order to verify this reason, Fig. 5 and Fig. 6 set different λ r , which reflects the self-interference strength, the smaller the λ r is, the closer the outage performance is in two model, and vice versa. Fig. 7 shows the curves of relationship between optimal outage throughput and self-interference strength with different energy model and different SNR. We observe that self-interference doesn't exist in HD system, so different self-interference strength will not bring the change of HD system performance. However in FD system, when P s /σ 2 = 20 dB, with the increase of λ r , the outage throughput keeps decreasing. But when the SNR is large, namely, when P s /σ 2 = 50 dB, the outage capacity in FD system will not change with the change of self-interference, this is because when P s /σ 2 is large, the outage probability in FD system is small, the change of λ r will not make an influence on the outage probability, so the outage throughput tends to the transmission rate. Compared with [17] , the tendency of curves with two kinds of EH models are the same, in HD system and FD system, the system throughput in the model of [17] is a little larger than that of our proposed model, which is because [17] doesn't take the circuit sensitivity into consideration, so the outage throughput is larger than practical model, if the SNR is larger, the distinction would be more obivious. 8 shows the curves of relationship between the optimal outage throughput and the transmission rate with different EH models and different SNR. We can see that under different SNR, the outage throughput in HD system and FD system first increases and then decreases with the increasing of the transmission rate R th . According to (21) , when the R th is small, the outage throughput is small too, while when R th is large, the outage probability will increase obviously, leading to the decrease of outage throughput. Moreover, we can see that when R th is large, the outage throughput of HD system is larger than that of FD system, which is because selfinterference doesn't exist in HD system and relay transmission power is larger in information transfer phase, the higher transmission rate can be tolerated. What's more, the change trend of outage throughput versus transmission rate with two kinds of EH models are basically same, the model in [17] ignores the circuit sensitivity, so the system capacity is a little larger than that of ours. Fig. 9 and Fig. 10 show the curves of outage probability and outage throughput with different SNR and different TS schemes. Different TS schemes means using different α, we set α = α opt (the α that minimize outage probability or maximize outage throughput), α = 0.2, and α = 0.5. Our schemes consider the FD system and HD system, references [17] and [19] (optimal relay) only consider the HD system.
C. PERFORMANCE COMPARISON OF LINEAR AND NON-LINEAR EH MODEL

D. THE INFLUENCE ON OUTAGE PERFORMANCE WITH DIFFERENT PARAMETERS
E. THE COMPARISON OF OUTAGE PERFORMANCE WITH DIFFERENT TS SCHEMES
From Fig. 9 , we can see that with the increase of SNR, the outage probability of our scheme firstly decrease and then tends to be steady, but the outage probability of [17] and [19] keeps decreasing, which is because in our scheme, we consider the circuit sensitivity, so the outage probability will tend to be steady. While in [19] , it chooses the best relay from the multiple relays, so the outage probability is the smallest, but also brings the big equipment cost and extra energy consumption. What's more, the selection of α matters to the outage probability, the outage probability with optimal α is march smaller than that with constant α.
From Fig. 10 , we can see that with the increase of α, the outage throughput in all kinds of schemes increase and tend to be steady, from (21), we can know that it is because the outage throughput limited by transmission rate R th . Moreover, we can see that the optimal outage throughput in FD system is close to double of that in HD system, which reflects the advantages of FD system. But when α = 0.5, the outage throughput in FD system is worse than that in HD system. So, the value of α has a big influence on the system performance, constant α will weaken system performance. So in practical, receiver should choose the value of α reasonably, for improving system performance. In addition, in HD system, [17] and [19] show the better outage throughput performance than our scheme, which is because that we consider the circuit sensitivity, so the outage probability is larger, which leads to the smaller outage throughput. It indicates that the outage throughput needs to consider practical circuit sensitivity, or it will make a impact on the practical system performance.
VI. CONCLUSION
Considering the non-linear characteristics of the actual circuit, this paper presented a practical non-linear EH model, which takes into account the sensitivity and saturation characteristics of the circuit. Based on the model, under the quasistatic flat-fading channel, this paper derived the expression of the outage probability of the FD DF relay system based on the TS protocol and calculates the outage throughput of the system. In order to optimize the system performance, this paper presented a closed-form expression for the optimal solution of the TS factor that minimizes the outage probability. At the same time, the optimal solution of the TS factor that maximizes the system outage throughput was obtained based on the golden section method. The simulation results verified the correctness of the theoretical derivation and showed the influence of different system parameters on the outage performance. When the transmission rate was small, the FD system had better outage throughput than the HD system. The simulation also showed that there was a big difference between the system performance under the non-linear EH model and the system performance under the traditional linear model. The optimal TS solution obtained under the non-linear EH model was totally different from the optimal TS solution under the traditional model, and the selection of TS factor had a great impact on the system outage performance.
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